Introduction
============

Gastric cancer (GC) is the fourth most common cancer worldwide and second leading cause of cancer mortality.[@b1-ijn-10-3911] According to tumor characteristics and stage, current treatment scheme comprises surgery, chemotherapy, radiation therapy, or combination of these two or three treatments. Due to the lack of clearly defined symptoms during the early stage of GC, the patients are usually diagnosed in the advanced or metastatic stage, and prognosis for GC remains poor, with a 5-year survival rate of only 20%--25% when surgery is performed alone.[@b2-ijn-10-3911]--[@b4-ijn-10-3911] According to National Comprehensive Cancer Network (NCCN) guidelines for GC in 2012, chemotherapy is the mainstay of palliative therapy for advanced or metastatic disease. However, even two- or three-drug regimens still have remarkable toxicity which is often unacceptable in elderly patients or those with comorbidities.[@b2-ijn-10-3911] Therefore, it is necessary to develop new agents or novel drug delivery systems to confer survival benefits with acceptable tolerability.

Nanostructured lipid carriers (NLC), a new generation of solid lipid nanoparticles (SLN), consist of solid lipid matrix with certain amount of liquid lipid. Because of their less ordered inner structure, most of the lipids are included in the category of GRAS and have low toxicity. NLC drug delivery systems possess several advantages in cancer chemotherapy, such as higher drug loading capacity and stability during storage, good biocompatibility, controllable drug release, and feasibility of scaling up.[@b5-ijn-10-3911]--[@b7-ijn-10-3911] However, the inherent structure of NLC contributes to the hydrophobic nature of these lipids, which limits their use in the encapsulation of hydrophilic drugs. Lipophilic modification is one of the most effective methods for the encapsulation of these drugs.[@b8-ijn-10-3911] In this paper, stearic acid was chosen as both the solid lipid of NLC and the lipophilic group, and was conjugated with 5-fluorouracil (5-FU).

The effectiveness of NLC could be further improved by targeting tumors with ligands coated to the surface of NLC. Hyaluronic acid (HA) is a biodegradable, polyanionic glycoaminoglycan with repetitive disaccharide units of D-glucuronic acid and D-*N*-acetylglucosamine.[@b9-ijn-10-3911] It has been identified as a potent targeting ligand for detecting tumors possessing CD44 over-expressing cells.[@b6-ijn-10-3911],[@b10-ijn-10-3911],[@b11-ijn-10-3911] Several studies have identified CD44 as a cell surface marker of GC stem cells. Recent research has reported that CD44 expression in GC could apply as a prognostic indicator for tumor progression, metastasis, and patient survival.[@b12-ijn-10-3911],[@b13-ijn-10-3911] Moreover, HA has been identified to provide a potential strategy to selectively target and efficiently eradicate GC.[@b14-ijn-10-3911],[@b15-ijn-10-3911] Therefore, HA was selected as a targeting ligand for GC in this paper.

Cisplatin (CDDP) plus FU are reasonable first-line options and globally accepted first-line regimens for GC chemotherapy.[@b16-ijn-10-3911]--[@b18-ijn-10-3911] The meta-analysis by Cervantes et al has demonstrated a significant benefit of survival for the combination regimens (5-FU and CDDP).[@b19-ijn-10-3911] However, toxicity was increased in the combination schedules, and combination therapy should be considered only in patients with good performance status.[@b19-ijn-10-3911] To reduce the toxicity and improve therapeutic efficacy, 5-FU prodrug was synthesized and 5-FU prodrug and CDDP-loaded NLC were designed.

5-FU is a fluoropyrimidine antimetabolite and widely used in the treatment of GC. The clinical use of 5-FU is constantly challenged by its poor selectivity and various side effects such as myelosuppression, mucositis, nausea, emesis, and hand-foot syndrome.[@b20-ijn-10-3911],[@b21-ijn-10-3911] The 5-FU regimen has poor biopharmaceutical characteristics, such as poor absorption, rapid drug catabolism, and short biological half-life (10--20 minutes), that hinder its clinical application.[@b22-ijn-10-3911],[@b23-ijn-10-3911] Several strategies to minimize these side effects have been researched. They can be divided into two kinds of methods. One kind is chemical modification, such as synthesis of low molecular weight 5-FU derivatives,[@b24-ijn-10-3911] conjugation with polymeric materials,[@b25-ijn-10-3911] conjugation with peptide,[@b26-ijn-10-3911] or modification with palmitic acid.[@b22-ijn-10-3911] The other kind is based on nanocarriers, such as liposomes,[@b27-ijn-10-3911] nanoparticles,[@b28-ijn-10-3911] micelles,[@b29-ijn-10-3911],[@b30-ijn-10-3911] and SLN.[@b31-ijn-10-3911] Combining the advantages of these two strategies, we designed a novel platform: lipid prodrug NLC to codeliver 5-FU and CDDP. Compared to the aforementioned chemical modification, the use of lipid prodrugs in nanocarriers provides important benefits: facile cleavage of the ester bond, sustained drug release, higher amount of prodrug loading, and reduced adverse effects.[@b32-ijn-10-3911] Additionally, structural similarities between NLC and lipid prodrugs may facilitate prodrug loading/insertion.[@b8-ijn-10-3911]

CDDP is extensively used for the treatment of various cancers such as ovarian, gastric, colorectal, and other severe carcinomas. In clinical use, maximum tolerated dose of CDDP is significantly limited due to nephrotoxicity.[@b33-ijn-10-3911] In order to reduce the toxicity, nanoparticles and liposomes have been used.[@b34-ijn-10-3911]--[@b36-ijn-10-3911] CDDP is poorly soluble in water and can be loaded into NLC.

In this paper, 5-FU-stearic acid conjugate (prodrug) was synthesized by conjugation of the ester bond with stearic acid. Then, 5-FU-stearic acid and CDDP were encapsulated into NLC by emulsification and low-temperature solidification method. Finally, HA decorated 5-FU prodrug and CDDP NLC were prepared. The in vitro and in vivo antitumor efficacy was assessed in human GC cell line BGC823. This system was anticipated to achieve stable, controlled release and active targeting lipid prodrug NLC of 5-FU and CDDP, to improve synergistic anticancer effects and reduce toxicity.

Materials and methods
=====================

Materials
---------

5-FU was provided by Shandong Qilu Pharmaceutical Co., Ltd. (Jinan, People's Republic of China). CDDP was provided by Nanjing Pharmaceutical Factory Co., Ltd. (Nanjing, People's Republic of China). Glyceryl monostearate was purchased from Shanghai Chineway Pharmaceutical Tech. Co., Ltd. (Shanghai, People's Republic of China). Injectable soybean oil was purchased from Guangzhou Hanfang Pharmaceutical Co., Ltd. (Guangzhou, People's Republic of China). Injectable soya lecithin was obtained from Shanghai Taiwei Pharmaceutical Co., Ltd (Shanghai, People's Republic of China). HA was provided by Shandong Freda Biochem Co., Ltd. Stearic acid, Tween^®^ 80, dimethyldioctadecylammonium bromide, and Roswell Park Memorial Institute 1640 medium were purchased from Sigma-Aldrich Co., Ltd (St Louis, MO, USA). All other chemicals were of analytical or higher grade.

Cell line and cell culture
--------------------------

Human GC cell line BGC823 was obtained from the China Center for Type Culture Collection (CCTCC) by CrownBio, Beijing, China. BGC823 cell line was cultured in Roswell Park Memorial Institute 1640 medium supplemented with 10% heat-inactivated fetal bovine serum under humidified conditions at 37°C and 5% CO~2~.

Animals
-------

Four-week-old BALB/c nude mice (20 g body weight) were purchased from the Shanghai SLAC laboratory Animal Co., Ltd. All animal experiments complied with the Animal Management Rules for the administration of experimental animals (Order No 54 of the Shanghai Municipal Government).

Synthesis of 5-FU-stearic acid
------------------------------

The synthetic route of 5-FU-stearic acid is shown in [Figure 1](#f1-ijn-10-3911){ref-type="fig"}. First, *N*,*N*′-1,3-bis(hydroxymethyl-5-fluorouracil) was synthesized. In brief, 5-FU (10 mmol), formaldehyde (25 mmol), and water (10 mL) were added to a round bottom flask. Then, the mixed solution was immersed in an oil bath at 60°C and reacted for 6 hours under agitation.[@b22-ijn-10-3911],[@b37-ijn-10-3911] Finally, *N*,*N*′-1,3-bis(hydroxymethyl-5-fluorouracil) was obtained via rotary evaporation method and purification by column chromatography.

Then, 5-FU-stearic acid was obtained by the facile esterification reaction.[@b38-ijn-10-3911] Stearic acid (10 mmol), *N*,*N*′-dicyclohexylcarbodiimide (20 mmol), and *N*,*N*′-1, 3-bis(hydroxymethyl-5-fluorouracil) (5 mmol) in dichloromethane with the catalyst 4-dimethylaminopyridine were stirred at room temperature for 48 hours. *N*,*N*′-Dicyclohexylurea was removed by filtration. Finally, 5-FU-stearic acid was obtained by precipitation with diethyl ether and purified by washing with acetone for three times. ^1^H NMR spectra of 5-FU-stearic acid was analyzed on an NMR spectrometer (300 Hz, Bruker, Switzerland).

Preparation of 5-FU-stearic acid prodrug and CDDP-loaded NLC (FU/C-NLC)
-----------------------------------------------------------------------

5-Flourouracil-stearic acid prodrug and CDDP-loaded NLC (FU/C-NLC) were prepared by emulsification and low-temperature solidification method.[@b39-ijn-10-3911],[@b40-ijn-10-3911] Briefly, the lipid phase, comprising glyceryl monostearate, soya lecithin, soybean oil (2:1:1, w/w/w), 5-FU-stearic acid, and CDDP, was obtained by melting and dissolving at 70°C. The lipid phase was rapidly injected into the aqueous phase (10 mL) containing Tween-80 (100 mg) and dimethyldioctadecylammonium bromide (30 mg) at the same temperature under stirrer (800 rpm) at 30°C for 3 hours. Then, the nano-emulsion was immediately transferred to a flask containing 20 mL distilled water in an ice bath (0°C--2°C). Finally, FU/C-NLC were harvested by stirring in an ice bath for an additional 1 hour.

FU-NLC, C-NLC, and blank NLC were prepared by the same method mentioned earlier without adding CDDP, 5-FU-stearic acid, or both drugs, respectively.

Preparation of HA-coated FU/C-NLC (HA-FU/C-NLC)
-----------------------------------------------

HA-coated FU/C-NLC (HA-FU/C-NLC) were prepared by electrostatic attraction.[@b6-ijn-10-3911] In brief, 1 mL of FU/C-NLC dispersion was added drop wise into 0.05%, 0.1%, 0.2%, 0.3%, and 0.4% of HA solutions (w/v) that were stirred at 600 rpm at room temperature, and then stirred for 2 hours to complete the modification. Subsequently, free HA was removed from HA-FU/C-NLC by gel chromatography. NLC were purified and obtained by filtering through a 0.45 μm membrane.

Characterization of NLC
-----------------------

The surface morphologies of NPs were examined by transmission electronic microscopy. The particle size, polydispersity index, and zeta potential of HA-FU/C-NLC, FU/C-NLC, FU-NLC, and C-NLC were analyzed using photon correlation spectroscopy with a Zetasizer 3000 (Malvern Instruments, Malvern, England). The average particle size was expressed as volume mean diameter.

Encapsulation efficiency (EE) of 5-FU-stearic acid or CDDP in NLC was assessed by the indirect method. In brief, the NLC dispersion was precipitated by the pH adjustment. After centrifugation, the drug content in the supernatant was determined.

The content of 5-FU-stearic acid was estimated by high performance liquid chromatography (HPLC) (Waters 2695, Milford, MA, USA).[@b31-ijn-10-3911] Chromatographic separations were carried out using the Intertsil^®^ ODS-3V (250 mm ×4.6 mm, 5 μm). Mobile phase consisted of a mixture of methanol and water (30:70, v/v). Flow rate was kept at 1.0 mL/min and the system was maintained at 30°C, and the detection was carried out at λ=266 nm. Injection volume was 20 μL.

The content of CDDP was determined by graphite furnace atomic absorption spectroscopy. The detection was carried out at λ=265.9 nm and slit bandwidth of 0.70 nm.[@b41-ijn-10-3911]

EE of NLC was calculated from the following equation: $$\text{EE}(\%) = (W_{\text{total}} - W_{\text{free}})/W_{\text{total}} \times 100$$where W~total~ is the weight of 5-FU-stearic acid or CDDP added when preparing NLC and W~free~ is the weight of the 5-FU-stearic acid or CDDP determined in the supernatant of NLC.

In vitro drug release profiles
------------------------------

In vitro release studies of different NLC formulations were assessed in release medium (0.1% Tween 80 in phosphate buffered saline, pH 7.4) by the dialysis method. NLC samples (5 mL) were enclosed in dialysis bags, and incubated with 50 mL of release medium at 37°C under mild agitation in a water bath. At predetermined time points, samples (1 mL) were withdrawn from the incubation medium and analyzed for 5-FU-stearic acid by the HPLC method or for CDDP by the GFAAS method. After sampling, the release medium was replaced by fresh phosphate buffered saline.

Cell toxicity assays
--------------------

Cell toxicities of different formulations were evaluated in BGC823 cells with MTT assay. Cells were seeded in 96-well culture plates at a density of 1×10^4^ cells per well and incubated for 24 hours. Then, cells were reseeded with blank NLC, HA-FU/C-NLC, FU/C-NLC, FU-NLC, C-NLC, 5-FU-stearic acid + CDDP solution (5-FU:CDDP =40:1, 30:1, 20:1, 10:1, 5:1; w/w), 5-FU-stearic acid solution, and CDDP solution at various concentrations for 48 hours at 37°C and 5% CO~2~ atmosphere. Culture medium was used as the blank. Then, MTT solution (5 mg/mL) was added to each well and cells were incubated for another 4 hours. After removing the unreduced MTT and medium, each well was replaced with 200 μL of dimethylsulfoxide (DMSO) to dissolve the MTT formazan crystals. The absorbance (A) of formazan product was measured using a microplate reader (Model 680, Bio-Rad, Hercules, CA, USA) at 570 nm. The relative cell viability (CV) was calculated from the following equation: $$\text{CV}(\%) = (A_{\text{sample}} - A_{\text{blank}})/(A_{\text{control}} - A_{\text{blank}}) \times 100$$

Half maximal inhibitory concentration (IC~50~) values of NLC were calculated. Combination index (CI) was determined to study the synergy between 5-FU-stearic acid and CDDP in the combination system.[@b42-ijn-10-3911] CI was calculated from the following equation: $$\text{CI}_{50} = {(D)}_{1}/{(D_{50})}_{1} + {(D)}_{2}/{(D_{50})}_{2}$$where CI~50~ represents the combination index calculated when using the IC~50~ values of the drugs, (D)~1~ and (D)~2~ represent the concentrations of 5-FU-stearic acid and CDDP, respectively, in the combination system at the IC~50~ value; (D~50~)~1~ and (D~50~)~2~ represent the IC~50~ values of 5-FU-stearic acid alone and CDDP alone, respectively. CI~50~ \<1 represents synergism, and CI~50~ \>1 represents antagonism.

In vivo anticancer efficacy
---------------------------

BALB/c nude mice bearing BGC823 gastric tumor (\~90--100 mm^3^) were randomly divided into eight groups (n=6), and 0.9% saline, HA-FU/C-NLC, FU/C-NLC, FU-NLC, C-NLC, 5-FU-stearic acid + CPPD solution, 5-FU-stearic acid solution, and CDDP solution were injected, respectively. The amounts of drugs used for each group in the formulations mentioned earlier were 20 mg 5-FU/kg and 1 mg CDDP/kg. Mice of each group were given the formulations by tail vein injection once every week. Twenty-one days later, all the mice were sacrificed by cervical dislocation and the tumor tissues were taken out.

Tumor volume (mm^3^) of each mouse was measured with a digital caliper every 3 days, and was calculated according to the following equation: $$\text{Tumor~volume}\ (\text{mm}^{3}) = L \times W^{2}/2$$where L and W represent the largest diameter and the smallest diameter, respectively. The weight of each mouse was measured every 3 days after injection.

Statistical analysis
--------------------

All experiments were performed at least three times (n=3), and expressed as mean ± SD (standard deviation). Statistical differences were determined using two-tailed Student's *t*-test or one-way analysis of variance. The significance level was taken as 95% (*P*\<0.05).

Results and discussion
======================

Structural characterization of 5-FU-stearic acid
------------------------------------------------

The chemical structure of 5-FU-stearic acid was confirmed using ^1^H NMR spectroscopy. ^1^H NMR (DMSO-d~6~, 300 mHz): δ 7.39 (t, =C--N--, =C--F--), 5.95 (d, --CO--O--C--, --CO--N--C--), 2.25 (s, --O--CO--C--), 1.68--1.29 (q, --CH~2~--), 0.96 (t, --CH~3~). The structures of --CO--O--C--, --CO--N--C--, and --O--CO--C-- confirmed the formation of 5-FU-tearic acid conjugate. The yield was 78.9%.

5-Flourouracil is a major drug used in the treatment of GC.[@b43-ijn-10-3911] The clinical use of 5-FU is normally accompanied by various side effects.[@b22-ijn-10-3911] The treatment by 5-FU has several shortcomings, such as rapid drug catabolism, poor absorption, short biological half-life of the drug, and non-selective action against healthy cells of gastrointestinal tract and bone marrow.[@b44-ijn-10-3911] Synthesis of 5-FU derivatives with low molecular weight, conjugation with other compounds, and encapsulation in nanocarriers can minimize these side effects.[@b45-ijn-10-3911] The encapsulation of 5-FU in hydrophobic materials will be made feasible by a lipid-based prodrug approach.[@b46-ijn-10-3911] The metabolic pathways of fatty acids, facile cleavage of the ester bond of lipid--drug conjugate, and a higher amount of prodrug loading inside the nanoparticles are some of the potential benefits of this type of approach. In this research, we introduced NLC as outstanding lipid carriers and used HA coating on the prodrug-loaded NLC to improve their targeted antitumor efficiency.

Determination of HA concentration coating on NLC surface
--------------------------------------------------------

HA can selectively target GC cells.[@b15-ijn-10-3911] HA could specifically recognize its receptors, CD44, and has been identified as a potent targeting ligand for tumors possessing CD44 over-expressing GC cells.[@b47-ijn-10-3911] Furthermore, the HA coating provides a hydrophilic shield, similar to polyethylene glycol, for promotion of long blood circulation.[@b48-ijn-10-3911] HA was also selected for its favorable properties such as good biocompatibility, high biodegradability, low toxicity, and non-immunotoxicity.[@b49-ijn-10-3911] To select the suitable concentration for the sufficient coating of NLC, 0.05%, 0.1%, 0.2%, 0.3%, and 0.4% concentrations of HA solution (w/v) were prepared and used for the formation of HA-FU/C-NLC. HA is a polyanion electrolyte molecule with a large number of negative charges. As the amount of HA increases on cationic NLC surface, zeta potential of the particles decreases. No obvious decrease of potential may indicate the completion of coating. Furthermore, particle size of NLC would enlarge on coating with HA ligands. However, excessive coating of ligands may cause the aggregation of the particles, leading to a sudden increase in particle size.[@b50-ijn-10-3911] Additionally, the modification by HA should not influence the EE of the FU/C-NLC. The optimum formulation was determined by measuring the zeta potential, particle size, and EE. As shown in [Table 1](#t1-ijn-10-3911){ref-type="table"}, zeta potential decreased from 0.05% to 0.2% of HA concentration, and after that the potential was stable. The size was suddenly increased from 180 nm to over 340 nm at the concentration of 0.4%, which demonstrates that this concentration is not suitable for the coating process. The EEs of 5-FU and CDDP were approximately 90% at the HA concentration between 0.05% and 0.2%, while at the higher concentrations, EE was significantly decreased. So, a concentration of 0.2% was determined to be the ideal concentration of HA and was used for the coating experiments.

Characterization of NLC
-----------------------

The transmission electron micrograph pictures of the HA-FU/C-NLC and FU/C-NLC are shown in [Figure 2](#f2-ijn-10-3911){ref-type="fig"}. HA-FU/C-NLC has gray coats on the black spherical shaped particles, which were different in appearance with the black FU/C-NLC spherical particles.

The particle size, zeta potential, and EE of different NLC complexes are shown in [Table 2](#t2-ijn-10-3911){ref-type="table"}. The size of HA-FU/C-NLC was 182 nm, with a zeta potential of +26 mV. Positive charge of the carriers could exploit the negative charge present at the cell surface, promote the cell penetration, and thus facilitate the internalization process of the particles.[@b51-ijn-10-3911] The EEs of 5-FU and CDDP loaded in HA-FU/C-NLC were 90% and 89%, respectively. EEs have marked influence on drug therapeutic effect. High EE could offer advantages in the in vitro and in vivo studies.

In vitro 5-FU release profiles of HA-FU/C-NLC, FU/C-NLC, and FU-NLC are illustrated in [Figure 3](#f3-ijn-10-3911){ref-type="fig"}. Over 80% of drug release was obtained by HA-FU/C-NLC, FU/C-NLC, and FU-NLC at 48, 36, and 24 hours, respectively. HA-FU/C-NLC was the most sustained-release formulation. This may be due to the reason that the coating of HA ligands controlled the 5-FU-stearic acid prodrug release. The same phenomenon was found in the CDDP release profiles of HA-FU/C-NLC, FU/C-NLC, and C-NLC ([Figure 4](#f4-ijn-10-3911){ref-type="fig"}). HA-FU/C-NLC showed 80% accumulated CDDP release at 48 hours, while the release of FU/C-NLC and C-NLC completed at 12 hours of study. The sustained-release behavior may help with the in vivo antitumor effect, which can be observed in the following experiments.

Cell toxicities in BGC823 cells
-------------------------------

Evaluation of drug--drug interaction is important in all areas of medicine, and particularly in cancer chemotherapy where combination therapy is commonly used.[@b52-ijn-10-3911] CI analyses are the most popular methods for evaluating drug interactions in combination cancer chemotherapy. The interaction between 5-FU and CDDP can be investigated by CI, where CI \<1, CI =1, and CI \>1 indicate synergism, additive, and antagonism, respectively.[@b53-ijn-10-3911] In this study, CI~50~ values were first calculated in free drug samples and then further in drug-loaded NLC formulations.

Free 5-FU-stearic acid and free CDDP combinations at various 5-FU to CDDP weight ratios (40:1, 30:1, 20:1, 10:1, 5:1, w/w) were applied in BGC823 cells with MTT assay to determine the effective combination proportion of these two free drugs. As shown in [Table 3](#t3-ijn-10-3911){ref-type="table"}, the combination therapy showed synergistic effect when 5-FU to CDDP weight ratios were 20:1 (CI~50~ =0.81) and 10:1 (CI~50~ =0.98). Next, 5-FU-stearic acid and CDDP containing NLC (FU/C-NLC and HA-FU/C-NLC) at the 5-FU to CDDP ratios of 20:1 and 10:1 were prepared and analyzed ([Table 4](#t4-ijn-10-3911){ref-type="table"}). The weight ratio of 20:1 exhibited stronger synergism in both coated and uncoated NLC formulations, suggesting the best 5-FU to CDDP ratios in the nanocarrier formulas. This ratio was used for the in vivo antitumor study.

In vivo anticancer efficacy
---------------------------

According to the cell toxicity results mentioned earlier, the in vivo anticancer efficacy and systemic toxicity of different formulations were further investigated on mice bearing BGC823 human GC xenografts. The tumor growth inhibitions and body weight changes in different groups were monitored for 21 days. [Figure 5](#f5-ijn-10-3911){ref-type="fig"} clearly demonstrates that tumor growth was significantly inhibited by NLC formulations than drug solution groups (*P*\<0.05). The combination of 5-FU and CDDP formulas were more effective than their single drug counterparts in both free drugs and NLC groups (*P*\<0.05). The HA-FU/C-NLC showed the greatest antitumor activity than all of the free drugs or uncoated NLC formulations (*P*\<0.05). Systemic toxicity is a severe side effect during the cancer treatment. In this study, NLC formulations and surface coating by targeted ligands were designed to overcome this problem. Changes in the body weight of tumor-bearing mice after injections can indicate the systemic toxicity. The body weights of FU/C-NLC, FU-NLC, and C-NLC groups increased slightly, which might be due to the therapeutic effect of NLC formulations ([Figure 6](#f6-ijn-10-3911){ref-type="fig"}). Noticeable body weight losses were observed in free drug(s) solution formulations and reduction in food intake, energy sag, and inactive movements were observed during the test. In contrast, no significant body weight loss was observed in HA-FU/C-NLC formulation group, demonstrating the reduced systemic toxicity and best tumor inhibition efficiency.

Conclusion
==========

In this study, a novel 5-FU-stearic acid prodrug was synthesized and HA-modified NLC were engineered for the effective codelivery of 5-FU and CDDP for the GC combination therapy. The sustained release of drugs from HA-FU/C-NLC with the optimized drug loading ratio enables the synergism in killing GC cells in vitro. The in vivo anticancer experiment showed that HA-FU/C-NLC had the strongest antitumor activity and the least systemic toxicity than free CDDP and uncoated NLC in a gastric tumor bearing animal model. This novel HA-decorated NLC not only showed activity and safety for the delivery of 5-FU and CDDP, but also provided a promising platform for additional formulations of the other two antitumor drugs for cancer therapy.
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![Synthetic route of 5-FU-stearic acid.\
**Abbreviations:** FU, fluorouracil; DCC, *N*,*N*′-dicyclohexylcarbodiimide; DMAP, 4-dimethylaminopyridine.](ijn-10-3911Fig1){#f1-ijn-10-3911}

![TEM imaging of (**A**) FU/C-NLC and (**B**) HA-FU/C-NLC.\
**Abbreviations:** TEM, transmission electronic microscopy; HA, hyaluronic acid; FU, fluorouracil; CDDP, cisplatin; C, CDDP-loaded; NLC, nanostructured lipid carriers.](ijn-10-3911Fig2){#f2-ijn-10-3911}

![In vitro 5-FU release profiles of HA-FU/C-NLC (**A**), FU/C-NLC (**B**), and FU-NLC (**C**).\
**Abbreviations:** 5-FU, fluorouracil; HA, hyaluronic acid; FU, fluorouracil; CDDP, cisplatin; C, CDDP-loaded; NLC, nanostructured lipid carriers.](ijn-10-3911Fig3){#f3-ijn-10-3911}

![In vitro CDDP release profile of HA-FU/C-NLC (**A**), FU/C-NLC (**B**), and C-NLC (**C**).\
**Abbreviations:** CDDP, cisplatin; C, CDDP-loaded; HA, hyaluronic acid; FU, fluorouracil; NLC, nanostructured lipid carriers.](ijn-10-3911Fig4){#f4-ijn-10-3911}

![In vivo anticancer efficacy presented as tumor volume changes after treatment with different formulations.\
**Notes:** In vivo anticancer efficacy presented as tumor volume changes after treatment with HA-FU/C-NLC (**A**), FU/C-NLC (**B**), FU-NLC (**C**), C-NLC (**D**), 5-FU-stearic acid + CPPD solution (**E**), 5-FU-stearic acid solution (**F**), CDDP solution (**G**), and 0.9% saline (**H**) in mice bearing BGC823 human gastric cancer xenograft..\
**Abbreviations:** HA, hyaluronic acid; FU, fluorouracil; C, CDDP-loaded; CDDP, cisplatin; NLC, nanostructured lipid carriers.](ijn-10-3911Fig5){#f5-ijn-10-3911}

![Body weight changes caused by different formulations in BALB/c nude mice bearing BGC823 gastric tumor.\
**Notes:** Body weight changes caused by different formulations in BALB/c nude mice bearing BGC823 gastric tumor treated with HA-FU/C-NLC (**A**), FU/C-NLC (**B**), FU-NLC (**C**), C-NLC (**D**), 5-FU-stearic acid + CPPD solution (**E**), 5-FU-stearic acid solution (**F**), CDDP solution (**G**), and 0.9% saline (**H**).\
**Abbreviations:** HA, hyaluronic acid; FU, fluorouracil; C, CDDP-loaded; CDDP, cisplatin; NLC, nanostructured lipid carriers.](ijn-10-3911Fig6){#f6-ijn-10-3911}

###### 

Determination of concentration of HA coating on NLC surface

  HA concentration   Zeta potential (mV)[\*](#tfn1-ijn-10-3911){ref-type="table-fn"}   Particle size (nm)[\*](#tfn1-ijn-10-3911){ref-type="table-fn"}   Encapsulation efficiency of 5-FU (%)[\*](#tfn1-ijn-10-3911){ref-type="table-fn"}   Encapsulation efficiency of CDDP (%)[\*](#tfn1-ijn-10-3911){ref-type="table-fn"}
  ------------------ ----------------------------------------------------------------- ---------------------------------------------------------------- ---------------------------------------------------------------------------------- ----------------------------------------------------------------------------------
  0.05%              +37.5±3.1                                                         99.5±2.1                                                         92.5±2.5                                                                           89.9±3.1
  0.1%               +33.9±2.9                                                         128.3±3.7                                                        91.6±2.1                                                                           88.6±3.7
  0.2%               +26.4±2.3                                                         181.2±3.1                                                        90.5±2.6                                                                           89.5±2.9
  0.3%               +25.9±2.6                                                         185.7±9.3                                                        78.4±3.5                                                                           61.6±7.1
  0.4%               +26.1±2.2                                                         348.9±25.6                                                       69.1±3.9                                                                           49.1±6.1

**Note:**

Data is presented as mean ± standard deviation.

**Abbreviations:** HA, hyaluronic acid; NLC, nanostructured lipid carriers; FU, fluorouracil; CDDP, cisplatin.

###### 

Physicochemical characterization of different NLC complexes

  Formulation   Particle size (nm)   PDI         Zeta potential (mV)   EE of 5-FU (%)   EE of CDDP (%)
  ------------- -------------------- ----------- --------------------- ---------------- ----------------
  Blank NLC     95.8±2.1             0.12±0.01   +45.3±3.5             NA               NA
  FU-NLC        131.4±2.3            0.16±0.02   +37.3±2.3             91.9±1.9         NA
  C-NLC         118.2±2.8            0.13±0.02   +35.1±1.9             NA               89.5±2.8
  FU/C-NLC      145.3±2.9            0.19±0.03   +29.7±2.1             91.1±2.5         88.7±3.1
  HA-FU/C-NLC   181.6±3.2            0.21±0.04   +26.3±2.4             89.8±2.9         89.1±2.1

**Note:** Data is presented as mean ± standard deviation.

**Abbreviations:** NLC, nanostructured lipid carriers; PDI, polydispersity index; EE, encapsulation efficiency; FU, fluorouracil; CDDP, cisplatin; NA, not applicable; C, CDDP-loaded; HA, hyaluronic acid.

###### 

IC~50~ and CI~50~ values of 5-FU-stearic acid and CDDP solution with various 5-FU/CDDP ratios

  Drug solutions             5-FU/CDDP ratio (w/w)   IC~50~ 5-FU (μg/mL)   IC~50~ CDDP (μg/mL)   CI~50~
  -------------------------- ----------------------- --------------------- --------------------- --------
  5-FU-stearic acid          NA                      37.52                 NA                    NA
  CDDP                       NA                      NA                    3.39                  NA
  5-FU-stearic acid + CDDP   40:1                    35.2                  0.88                  1.20
  5-FU-stearic acid + CDDP   30:1                    30.7                  1.02                  1.12
  5-FU-stearic acid + CDDP   20:1                    19.5                  0.98                  0.81
  5-FU-stearic acid + CDDP   10:1                    17.5                  1.75                  0.98
  5-FU-stearic acid + CDDP   5:1                     14.6                  2.92                  1.25

**Abbreviations:** IC~50~, half maximal inhibitory concentration; CI~50~, combination index calculated when using the IC~50~ values of the drugs; FU, fluorouracil; CDDP, cisplatin; NA, not applicable.

###### 

IC~50~ and CI~50~ values of NLC formulations with different 5-FU/CDDP ratios

  Drug solutions   5-FU/CDDP ratio (w/w)   IC~50~ 5-FU (μg/mL)   IC~50~ CDDP (μg/mL)   CI~50~
  ---------------- ----------------------- --------------------- --------------------- --------
  FU-NLC           NA                      6.52                  NA                    NA
  C-NLC            NA                      NA                    0.98                  NA
  FU/C-NLC         20:1                    3.2                   0.16                  0.65
  FU/C-NLC         10:1                    4.9                   0.49                  1.25
  HA-FU/C-NLC      20:1                    1.5                   0.08                  0.31
  HA-FU/C-NLC      10:1                    3.2                   0.32                  0.82

**Abbreviations:** IC~50~, half maximal inhibitory concentration; CI~50~, combination index calculated when using the IC~50~ values of the drugs; NLC, nanostructured lipid carriers; FU, fluorouracil; CDDP, cisplatin; C, CDDP-loaded; HA, hyaluronic acid; NA, not applicable.

[^1]: These authors contributed equally to this work
